Background A defined Microbial Ecosystem Therapeutic (MET-1, or ''RePOOPulate'') derived from the feces of a healthy volunteer can cure recurrent C. difficile infection (rCDI) in humans. The mechanisms of action whereby healthy microbiota protect against rCDI remain unclear. Since C. difficile toxins are largely responsible for the disease pathology of CDI, we hypothesized that MET-1 exerts its protective effects by inhibiting the effects of these toxins on the host. Methods A combination of in vivo (antibiotic-associated mouse model of C. difficile colitis, mouse ileal loop model) and in vitro models (FITC-phalloidin staining, F actin Western blots and apoptosis assay in Caco2 cells, transepithelial electrical resistance measurements in T84 cells) were employed. Results MET-1 decreased both local and systemic inflammation in infection and decreased both the cytotoxicity and the amount of TcdA detected in stool, without an effect on C. difficile viability. MET-1 protected against TcdA-mediated damage in a murine ileal loop model. MET-1 protected the integrity of the cytoskeleton in cells treated with purified TcdA, as indicated by FITC-phalloidin staining, F:G actin assays and preservation of transepithelial electrical resistance. Finally, co-incubation of MET-1 with purified TcdA resulted in decreased detectable TcdA by Western blot analysis. Conclusions MET-1 intestinal microbiota confers protection against C. difficile and decreases C. difficile-mediated inflammation through its protective effects against C. difficile toxins, including enhancement of host barrier function and degradation of TcdA. The effect of MET-1 on C. difficile viability seems to offer little, if any, contribution to its protective effects on the host.
Introduction
There is considerable interest in the therapeutic potential of the gut microbiota to treat recurrent C. difficile infection (rCDI) [1, 2] . Fecal microbiota transplantation (FMT) has proven effective at eradicating rCDI where traditional antibiotic regimens have failed [3, 4] . FMT is thought to protect against CDI primarily through restoration of colonization resistance [5] [6] [7] . Although not entirely understood, proposed mechanisms of action for FMT include modulation of host immune function [8] , effects on bile salt Electronic supplementary material The online version of this article (doi:10.1007/s00535-016-1232-y) contains supplementary material, which is available to authorized users. metabolism that in turn affect C. difficile sporulation [9, 10] , and effects on sialic acid metabolism that influence C. difficile viability in the host [11] . However, there are limited studies directly investigating the effects of FMT on C. difficile toxins A (TcdA) and B (TcdB). It is well established that TcdA and TcdB are largely responsible for the pathophysiology of the disease [12] [13] [14] . A recent large multicenter study has shown that the presence of toxins in patient stool samples correlates most closely with patient clinical outcomes [15, 16] , and C. difficile strains lacking these toxins generally do not cause disease [17] .
Although FMT appears promising for the treatment of rCDI, its limitations include the undefined nature of donor stool, the need to intensively screen donors to address safety concerns and the lack of understanding of what components of donor stool are beneficial. The use of defined microbial populations prepared under controlled laboratory conditions is very appealing, and the concept of using defined microbial ecosystems has been recognized as a potential improvement on current methods of FMT [18] . Recently a defined microbial ecosystem (MET-1), derived from the feces of a healthy human volunteer, was successfully used to cure patients with rCDI [19] . However, like FMT, its precise mechanism of action remains to be fully understood. We hypothesized that MET-1 exerts its therapeutic benefits by affecting toxins produced by C. difficile. The purpose of this study was to determine whether MET-1 could provide protection specifically against purified toxin TcdA from 'hypervirulent' ribotype 027 and 078 C. difficile strains isolated from hospitalized rCDI patients. Additionally, we sought to identify potential mechanisms whereby MET-1 may confer protection against C. difficile disease in a preventative mouse model of C. difficile infection.
Methods Ethics statement
This study was carried out in accordance with the Canadian Council of Animal Care guidelines and approved by the Queen's University Animal Care Committee.
Growth of C. difficile
Each Clostridium difficile ribotype strain (027 or 078) was grown on cycloserine cefoxitin fructose agar (CCFA), a C. difficile-selective medium under anaerobic conditions (90 % N 2 , 5 % CO 2 , and 5 % H 2 ) at 37°C for 48 h. A single colony was then used to inoculate 5 ml of brain heart infusion (BHI) broth (Difco Laboratories, USA). C. difficile cultures were incubated anaerobically at 37°C for 24 h or for 72 h for large-volume preparation of TcdA toxin (see below). All C. difficile isolates were obtained from stool samples of confirmed clinical cases of C. difficile infection at Kingston General Hospital and were toxinotyped and ribotyped as previously described [20] .
C. difficile TcdA preparation
Clostridium difficile TcdA was purified according to Sullivan et al. [21] . In brief, a C. difficile strain 027 or 078 clinical isolate was inoculated with 50 ml BHI for 24 h and then transferred to dialysis bags (12-14 kDa exclusion, Fisher Scientific, USA) and grown for 72 h anaerobically in 1 l BHI. The contents were centrifuged to remove the bacteria, and the supernatant was filtered through a 0.22-lm filter. The culture supernatant was then concentrated using Centricon plus-70 membrane filters ([30 kDa, Millipore, Germany), loaded onto a DEAE-Sepharose CL-6B column (Sigma Aldrich, Canada) and equilibrated (50 mM Tris, pH 7.5), followed by elution with a gradient of 0.05-0.25 M NaCl at 1 ml/min. Fractions were assayed for bioactivity using a fibroblast cytotoxicity assay (described below), and presence of TcdA was verified by Western blot analysis (anti-TcdA antibody, 1:1000 dilution, Santa Cruz Biotechnology, USA). Fractions with TcdA were pooled, concentrated (Amicon ultra-15 filters, Millipore, Germany), aliquotted and stored at -80°C.
MET-1 preparation
MET-1 was developed by culturing the stool of a healthy 41-year-old female donor, and 33 isolates of commensal bacteria were selected for the final formulation using predetermined ratios as previously described [19] . To prepare the MET-1 mixture, each isolate was cultured on fastidious anaerobe agar (FAA, Lab M Ltd., UK) supplemented with or without 5 % defibrinated sheep blood (Hemostat Laboratories, USA) under strict anaerobic conditions in an Anaerobe chamber (Ruskinn Bugbox, USA) and then formulated in pre-reduced sterile 0.9 % normal saline to an approximate total concentration of 3.5 9 10 9 colonyforming units (CFU)/ml. A table of MET-1 composition with updated nomenclature has been included in the Supplementary Materials section (Table 1) .
C. difficile colitis mouse model
Based on a murine model of C. difficile infection [22] , 6-8-week-old C57BL/6 mice were first acclimatized for a week and then given an antibiotic mixture of kanamycin (0.4 mg/ml, Sigma Aldrich, USA), gentamicin (0.035 mg/ ml, Amresco, USA), colistin (850 U/ml, Sigma Aldrich, USA), metronidazole (0.215 mg/ml, Sigma Aldrich, USA) and vancomycin (0.045 mg/ml, Sigma Aldrich, USA) in their drinking water for 3 days. Mice were then switched to regular autoclaved water for 2 days. On the 2nd day mice were gavaged with MET-1 (approximately 3.5 9 10 8 cells) or vehicle control (saline) or BioK? (Bio-K? International, Canada), a commercial probiotic, at the same dose of 3.5 9 10 8 cells (see also supplementary appendix Fig. S1 for details). After 24 h, mice were gavaged with 1 9 10 5 CFU (vegetative cells) of C. difficile strain 027 or vehicle control (BHI broth). Mice were monitored and weighed daily and euthanized at 52 h, and blood/tissues were harvested and processed as described below.
C. difficile bacterial enumeration
Cecal contents were collected, resuspended in PBS and weighed. The samples were serially diluted and plated on CCFA. Plates were incubated at 37°C under anaerobic conditions (90 % N 2 , 5 % CO 2 , and 5 % H 2 ) for 48 h before enumeration.
Multiplex bead assay to measure serum cytokine levels
Blood was collected by cardiac puncture when the animals were killed. Serum was assessed using a mouse cytokine magnetic bead kit to measure IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13,  IL-17A, eotaxin, G-CSF, GM-CSF, INF-c, KC, MCP-1, MIP-1a, MIP-1b, and TNF-a, as per the manufacturer's instructions (Bio-Rad, USA).
Histological staining/scoring and immunohistochemistry
Tissues (colon, cecum, small intestine) were fixed in 10 % formalin followed by 70 % ethanol, 18 h in each, then processed and embedded in paraffin, and 4-lm-thick sections were stained with hematoxylin and eosin (H&E, Thermo Fisher Scientific, USA). Stained sections were examined blinded by a certified gastrointestinal pathologist, using an established scoring method [22] . A graded scoring system was used taking into consideration: neutrophil migration and tissue infiltration, hemorrhagic congestion, and edema of the mucosa and epithelial cell damage. A score between 1 and 3 was assigned for each parameter, and the overall score was the sum [22] . Immunofluorescence staining of myeloperoxidase (MPO) and claudin-1 was carried out on formalin-fixed cecal tissues as previously described [23] .
TcdA measurement in mouse stool samples Quantification of TcdA toxin was performed using an ELISA kit, as per the manufacturer's instructions (tgcBIOMICS, Germany). In brief, 50 mg of mouse feces was homogenized in 450 ll dilution buffer and centrifuged at 25009g for 20 min. The supernatants were added to the anti-toxin A antibody-coated ELISA plate (100 ll per well) for 1 h; after washing with the supplied wash buffer, 100 ll anti-TcdA-HRP conjugate was added to each well (30 min). After three more washes, 100 ll of substrate was added and incubated 15 min. All incubation steps were performed at room temperature. Color development was arrested with 50 ll Stop solution per well and absorbance measured at 450 nm using a microplate reader (Bio-Tek lQuant MQX200, USA).
Fibroblast assay with mouse fecal extracts
Fifty mg of mouse fecal material was resuspended in 0.5 ml of PBS, stool samples were centrifuged at 16,0009g for 30 min, the pellet was discarded, and supernatants were frozen at -80°C until ready for use. Next, NIH 3T3 
Ileal loop model
Using 6-8-week-old C57BL/6 mice, ileal loop surgery was established based on work published by others [24] [25] [26] .
Mice were orally gavaged with vancomycin (0.1 mg, Sigma Aldrich, USA) and streptomycin (20 mg, SteriMax, Canada). After 24 h, mice were gavaged with 3.5 9 10 8 cells of MET-1 for 2 consecutive days or vehicle control (0.9 % saline). On the day of surgery, mice were anesthetized using isoflurane (PPC Animal Health, Canada). Using sterile technique, the abdomen was incised, the small intestine was exposed in the abdominal cavity, and 4 cm of distal ileum was sutured using silk thread (Ethicon Inc., Johnson & Johnson, USA) to create ileal loops [25, 26] . Once the loop was formed, 50 lg of purified C. difficile TcdA diluted in 150 ll or vehicle control (matched volume of PBS) was injected in the ileal loop lumen. The small intestine was reinserted into the abdominal cavity; the incision was sutured closed and the animal allowed to regain consciousness. After 4 h, animals were euthanized with isoflurane followed by cervical dislocation. The loops were excised and tissue prepared for histological staining and scoring (see above).
F actin studies
For F and G actin analysis, subconfluent Caco2 human intestinal epithelial cells (ATCC, USA) were grown in 100-mm plates in DMEM with 10 % fetal bovine serum (FBS, Sigma Aldrich, USA), pretreated with 100 ll MET-1 or vehicle control overnight. The media were removed, and cells were washed with fresh media. Cells were then treated with TcdA (1 lg/ml) for 6 h, washed with PBS and harvested by centrifugation. Cell pellets were flash-frozen and stored at -80°C until Western blot analysis, performed according to the manufacturer's instructions (Cytoskeleton Inc, USA). For F actin visualization, cells were seeded onto coverslips in 24-well tissue culture plates and subconfluent cells pretreated with MET-1 (1:10 dilution, v/v) or control overnight. Media were removed, and the cells were washed with fresh media and treated with TcdA (1 lg/ml) for 6 h. Cells were washed again, fixed with 3.75 % PBS-buffered formalin, permeabilized with 0.1 % Triton X-100 and stained with Alexa 488-phalloidin, which binds to F-actin (1:50 dilution, Invitrogen, USA) for 60 min at 37°C. Coverslips were washed and mounted onto slides with VECTaSHIELD mounting medium (Vector Laboratories Inc., USA); nuclei were stained with Hoechst (Sigma Aldrich, USA). Slides were imaged using an Olympus BX71 microscope equipped with a QIMA-GING RETIGA-2000RV camera and Image-Pro Plus software (Media Cybernetics Inc., USA).
Transepithelial electrical resistance (TER)
T84 human intestinal epithelial cells (ATCC, USA) were grown in 50 % DMEM and 50 % Ham's F12 media (Fisher Scientific, USA) with 10 % FBS on 5-lm pore size, 6.5-mm diameter transwell permeable supports (Corning Inc., USA). Cells were incubated for 4 h in a 1:10 dilution of MET-1, followed by addition of purified ribotype 027 TcdA (6 lg/ml). Treatment was carried out in triplicate and transepithelial resistance was measured hourly for 4 h using a voltohmmeter (World Precision Instruments Inc., USA).
Apoptosis ELISA
Caco2 cells were seeded in 24-well tissue culture plates (4 9 10 4 cells/well; Corning Inc., USA) and grown for 72 h. Cells were then treated with MET-1 (1:10 dilution, v/v) overnight. Media were removed, and cells were treated with TcdA (6 lg/ml) for 6 h. Treatment was carried out in triplicate wells. Cell lysis and ELISA were performed following the manufacturer's instructions (Roche Diagnostics, USA). Camptothecin (Sigma Aldrich, USA) was used as the positive control at a final concentration of 2 lg/ ml.
Co-incubation of TcdA with MET-1
Purified TcdA (1 lg) was co-incubated with MET-1 (25 ll) for 2 h at 37°C. Samples were centrifuged at 10,0009g for 5 min to remove the MET-1 bacteria. Supernatants were then loaded onto 4-15 % gradient SDS-PAGE gels and either silver-stained or transferred to PVDF membranes (EMD Millipore, Germany) for Western blot analysis. Membranes were blocked in 5 % (w/v) nonfat milk in TBS-Tween [Tris-buffered saline, 150 mM NaCl, 5 mM KCl, 10 mM Tris, pH 7.4, with 0.05 % (v/v) Tween 20] prior to incubation with TcdA antibody (1:2500 dilution, Santa Cruz Biotechnology, Inc., USA) overnight at 4°C. Horseradish peroxidase (HRP)-conjugated secondary antibody was added (1:5000 dilution, Pierce, Thermo Fisher Scientific, USA) and incubated with the membranes for 1 h at room temperature; after three washes, an enhanced chemiluminescence reagent (ECL, Thermo Scientific, USA) was applied before imaging. A Gel Dock MP Imager (BioRad Laboratories Ltd., Canada) was used to visualize the bands. Silver staining for total protein staining was performed using a Pierce silver stain kit, as per the manufacturer's instructions (Thermo Scientific, USA).
DNA isolation and microbial composition analysis
DNA was extracted from samples using bead beating and modified protocols from a commercially available kits, as previously described [27] . Primer sequences, barcodes used, Perl scripts and full protocols are provided at https:// github.com/ggloor/miseq_bin/Illumina_SOP.pdf. In brief, 1 ll of DNA sample (1-5 ng) was PCR amplified using the Earth Microbiome universal primers (named 515F, 806R) using Promega GoTaq hot start colorless master mix reagent (Promega, USA) for 25 cycles with an annealing temperature of 52°C. Inline 8-mer barcodes similar to what has been described previously [28] were preceded by four randomly synthesized nucleotides. Sequencing was carried out on the Illumina MiSeq platform at the London Regional Genomics Centre, with the 600 cycle v3 chemistry kit (Illumina, USA) with a 2 9 220 cycle profile and 5 % PhiX-174 spike in [29] . Forward and reverse reads were overlapped with PandaSeq [30] disallowing overlapping segments that contained ambiguous bases (N characters). Custom Perl scripts were used to separate and enumerate the reads from each sample as described [28] . Barcodes were chosen to contain a minimum edit distance of 4, and sequences were demultiplexed requiring perfect barcode matching. USEARCH [31, 32] version 7 for MacOSX was used to identify and remove chimeric sequences and to cluster sequences de novo with a 97 % identity threshold into operational taxonomic units (OTUs). Singleton OTUs and OTUs that occurred at an abundance of less than 1 % in any sample were discarded prior to analysis. Sequences were taxonomically assigned with the classify.seqs function of mothur 1.3.4 [33] using the Silva v119 database [34] .
OTU frequencies are relative abundances; such data are constrained by a constant sum and have an inherent internal correlation structure, and subsets of the data can give different results than the full set [35] [36] [37] . These problems were minimized by transforming the data using the centered log ratio [35] , which converts the data into unconstrained data where the distances between OTU abundance are linearly related, less affected by the subset problem and directly comparable between samples [35] [36] [37] . Exploratory analysis of the data was performed in R [38] according to the protocols contained in the compositions R package described in [39] . When necessary, zero replacement of the sparse data was performed using the CZM approach from the zCompositions R package [40] .
Statistical analysis
Statistical analyses were performed with GraphPad Prism version 4.0 (GraphPad Software, USA), and results are expressed as the mean value with standard error of the mean (SEM). T test with Mann-Whitney correction was used where indicated for individual comparisons. One-or two-way ANOVA with a Tukey correction was used for multiple comparisons. Statistical significance was set at p \ 0.05.
Results
MET-1 is protective in an antibiotic-associated C. difficile colitis animal model
Using a previously described model [22] , C57/Bl6 mice were gavaged with an antibiotic cocktail prior to treatment with MET-1 and then gavaged with C. difficile ribotype 027. We chose the more virulent ribotype (027) for this experiment to establish whether MET-1 would provide protection in an animal model of C. difficile. Gavage of BioK?, a commercially available probiotic commonly used for antibiotic-associated diarrhea, was used as a microbe comparator control. MET-1 pretreatment decreased both local and systemic inflammation in a mouse model of C. difficile infection. Animals receiving MET-1 had lower levels of systemic serum cytokines compared to C. difficile-infected vehicle controls (Fig. 1) . Cytokines such as eotaxin, known to be elevated in human plasma in severe CDI [41] , were markedly reduced in infected animals that received MET-1. The MET-1 animals also showed less colonic inflammation and histologic damage (Fig. 2) , including less MPO (marker for neutrophils) by immunohistochemical staining and less loss of claudin-1 staining (tight junction protein), than C. difficile-infected vehicle controls (Fig. 3a, b, respectively) . In contrast to MET-1, BioK? did not confer any survival benefit against C. difficile, prevent weight loss or protect against histologic damage by C. difficile when gavaged in a similar manner (see Fig. S1 , additional supplementary materials in appendix).
Next, a series of studies on the mouse fecal pellets were performed. When assessed by ELISA, less TcdA was detected from the stool of MET-1 pretreated, C. difficileinfected mice when compared to the same mg weight of stool from C. difficile-infected mice (Fig. 4a) . However, when the C. difficile intestinal burden in the animals was assessed, there were no differences in the C. difficile colony-forming units (CFUs) found in the ceca of MET-1 mice as compared to vehicle controls (Fig. 4b) , suggesting that the protective effects of MET-1 microbiota were not due to an effect of C. difficile viability or on its ability to propagate in the gut. The effect of the MET-1 and C. difficile treatments on the murine gut microbiota was then investigated using 16S rRNA gene sequencing from fecal samples. A bar plot of the microbiome composition on harvest day for the different treatment groups is shown in Fig. 4c . We did not observe C. difficile in this analysis since the number of CFUs of this organism was 4-5 orders of magnitude lower than the total number of bacteria in the system and was below the limit of detection of this methodology. However, when we analyzed the samples collected over the course of the experiment, as opposed to simply comparing the samples on harvest day, we found that the samples from the mice clustered together into two main groups: one cluster contained all the day 1 and non-MET-1 treated samples, whereas the other cluster difficile colitis model. C57BL/6 mice were treated with a mixture of broad-spectrum antibiotics and then orally administered MET-1 or saline, followed by 10 5 C. difficile strain 027 or saline 24 h later, as described in ''Methods''. a Mice were weighed every 24 h, and the percent change in body weight is shown. Saline? C. diff mice and MET-1? C. diff mice demonstrated similar weight loss by 48 h, and the experiment was terminated at 52 h once saline? C. diff mice lost 10 % weight. Data were analyzed by two-way ANOVA with Tukey correction, n = 3 for panel (a) and n = 4 for panel (b) for each group (*p \ 0.05). b Serum cytokine levels were significantly reduced in C. difficile-infected mice pretreated with MET-1 compared to infected mice pretreated with vehicle control (VC ? C. difficile). Serum cytokine levels were measured using a Bio-Plex Pro mouse cytokine magnetic bead kit. There were no significant differences in cytokine concentrations between uninfected mice pretreated with MET-1 or vehicle control (data not shown). Data were analyzed by t-Student test with Mann-Whitney correction, n = 3 for panel A and n = 4 for panel B for each group (*p \ 0.05) J Gastroenterol (2017) 52:452-465 457 contained all MET-1 treated day 2, 3 and harvest samples, regardless of the C. difficile treatment. These data indicated that treatment of the mice with MET-1 altered the murine gut microbiota and that this alteration was independent of the C. difficile treatment status (Fig. S2 , see additional supplementary materials in appendix). Finally, a fibroblast cell rounding assay was used to test the cytotoxicity of the stool extracts from the mouse fecal pellets. The use of cell rounding assays, which were instrumental in the identification of C. difficile as the causative agent of this disease in humans [42, 43] , is a well-established functional assay for assessing the cytopathic effects of C. difficile toxins [44] . When fibroblasts were treated with stool samples from mice gavaged with MET-1, markedly less cell rounding was observed compared to stool extracts from C. difficileinfected controls (Fig. 4d , see also Fig. S3 supplementary  figure) . Since the cytopathic effect in the fibroblast assay is toxin-mediated [44] , these data further support that MET-1 is likely acting on the C. difficile toxins rather than affecting the viability of C. difficile bacteria in the gut.
MET-1 is protective against TcdA in an ileal loop model
To determine whether MET-1 protected specifically against C. difficile toxin TcdA, we used an ileal loop model that had been employed by others to study the effects of TcdA on the gut [24] [25] [26] 41] . Since no live C. difficile bacteria are used in this model, these data would indicate whether the defined microbiota in MET-1 exerts protective effects against TcdA toxin. Mice were gavaged with either MET-1 microbiota or vehicle control, and then, using the ileal loop model, 50 lg of purified TcdA from ribotype strain 027 was injected into the ileal loops. Intestinal loops of vehicle control-gavaged animals injected with TcdA showed signs of epithelial destruction and inflammatory cell infiltration. In contrast, MET-1-gavaged animals showed significantly less histologic damage as compared to animals receiving vehicle control, indicating that MET-1 exerted a protective effect against TcdA in the absence of live C. difficile (Fig. 5a, b) . No histological differences histological damage compared to infected mice gavaged with saline vehicle control. C57BL/6 mice were treated with a mixture of broadspectrum antibiotics and then orally administered MET-1 or saline, followed by 10 5 C. difficile strain 027 or saline 24 h later, as described in ''Methods''. a Representative images show gross morphology of the cecums and colons of infected mice differed between groups administered MET-1 and saline. Saline? C. diff mice (''C. diff'', third panel) had smaller cecums and colons that were devoid of stool, while cecums and colons from MET-1 ? C. diff mice (far right panel) appeared similar to the uninfected mice (first and second panels). b Representative images showing no histological differences in the colons of saline or MET-1 groups. Saline ? C. diff mice showed signs of colonic inflammation including PMN infiltration and epithelial desquamation and submucosal edema. Epithelial cell integrity and crypt architecture were preserved in MET-1 ? C. diff mice. c Histological scoring of the colon. The MET-1 ? C. diff group had significantly lower histological scores (based on assessment of edema, PMN infiltration and epithelial cell damage) than the saline ? C. difficile group. Data were analyzed using one-way ANOVA with Tukey correction, n = 4 for control groups and n = 3 for C. difficile-infected groups (*p \ 0.05, ***p \ 0.001) between PBS-injected control mice gavaged with MET-1 or vehicle control were noted.
MET-1 protects against TcdA-mediated disruption of cytoskeletal structure and barrier function in human intestinal epithelial cell lines Two different human intestinal epithelial cell lines were then employed to test for effects of MET-1 on TcdA-mediated disruption of barrier integrity. First, T84 cells were grown on transwells, and then TER (transepithelial electrical resistance), a measure of epithelial barrier function integrity that is disrupted by exposure to TcdA [45] , was measured. MET-1 preserved barrier function in cells treated with TcdA compared to vehicle control (Fig. 6a) . To determine whether MET-1 conferred protective effects on the cytoskeletal structure, another human intestinal epithelial cell line (Caco2) was treated with MET-1 and TcdA and then stained with FITC-phalloidin, which binds to filamentous (F)-actin. This assay has been used by others to show TcdA-mediated disruption of the actin cytoskeleton [46] and provides visualization of the effects of TcdA on the integrity of the actin cytoskeleton. It was again found that MET-1 protected against disruption of F-actin by TcdA purified from two different hypervirulent strains (ribotype 078 and ribotype 027) of C. difficile (Fig. 6b) . TcdA is known to mediate disassembly of filamentous actin [45, 47] , and when the amount of F-actin decreases, mostly G-actin monomers or globular (G)-actin remain [48] . Western blot analysis of the filamentous to globulin actin ratios confirmed that MET-1 preserved F-actin in Caco2 cells treated with TcdA (Fig. 6c) .
MET-1 decreases TcdA-mediated apoptosis and degrades TcdA
Since TcdA is known to induce apoptosis [49] , and apoptosis is a recognized contributor to loss of barrier function [50] [51] [52] , the effects of MET-1 on TcdA-mediated apoptosis were investigated. Caco2 cells that were pretreated with MET-1 or saline overnight were washed with fresh media and then incubated with TcdA for 6 h (camptothecin was used as an apoptosis-inducing positive control). Using a histone deacetylase assay, it was found that MET-1 protected against TcdA-mediated apoptosis (Fig. 7a) . Finally, to determine whether MET-1 had a direct effect on TcdA, difficile but decreases detectable toxin and cytotoxic effects in an antibiotic-mediated C. difficile colitis model and fibroblast rounding assay, respectively. C57BL/6 mice were treated with antibiotics and then gavaged with either MET-1 or saline, followed by 10 5 C. difficile strain 027 or saline 24 h later, as described in ''Methods''. a Stool from untreated, MET-1 ? C. diff and C. diff mice was collected at 24 h postinfection, and TcdA quantification was perfomed by ELISA. TcdA levels were decreased in the feces from MET-1 ? C. diff mice compared to the C. diff mice at 24 h (**p \ 0.01). Data were analyzed using one-way ANOVA with Tukey correction (n = 3 untreated, n = 6 MET-1 and MET-1 ? C. diff groups). b Cecal contents were cultured at 48 h, as described in ''Methods''. Mice pretreated with MET had similar cecal counts of C. difficile compared to the vehicle control-infected mice. Data were analyzed using a one-way ANOVA with Tukey correction, n = 3 mice per group. c Compositional bar plot based on percentage of OTUs (operational taxonomic units) from mouse stool samples. Fecal pellets were collected, and DNA purified from the fecal pellets from the different treatment groups at harvest was compared. The bar plot shows the proportional abundance of each genus in the four samples indicated at the time of harvest [65] . C. difficile did not separate out in this analysis since the numbers of CFUs of this organism were 4-5 orders of magnitude lower than total number of bacteria in the system and were below the limit of detection of this methodology. d Reponse to toxins from fecal extracts of mice infected with C. difficile ribotype 027 using a fibroblast cytotoxicity assay. NIH 3T3 fibroblasts were incubated 1 h with mouse stool extracts (untreated, MET-1 ? C. diff and C. diff mice). Cells were fixed with formalin and stained with Giemsa. Treatments were done in duplicate. Rounded and total cells were counted as decribed in ''Methods''. Less cytotoxic effect was observed with stool extracts from MET-1 ? C. diff mice compared to stool samples from C. diff control mice (***p \ 0.001). A crude extract culture C. difficile control group is also shown. Data were analyzed using one-way ANOVA with Tukey correction (2 repetitions per group). (Note: representative images can be found in supplementary figure S3) (Fig. 7b) . A silver stain gel of total protein is also shown (Fig. 7c) .
Discussion
It has been reported that the gut microbiota protect against C. difficile, and a variety of mechanisms have been proposed including effects on host inflammatory pathways and bile salt and sialic acid metabolism [9] [10] [11] [12] . Most of these studies demonstrate a mechanism of action that involves killing C. difficile, competing with C. difficile or inhibiting its growth. Previously, using a defined microbial ecosystem derived from the stool of a healthy human volunteer (MET-1), we had shown therapeutic efficacy in humans against C. difficile infection [19] . This study shows that mice pretreated with MET-1 were also protected against C. difficile colitis, showing efficacy of MET-1 as a prevention model. MET-1 decreased inflammation both locally and systemically and decreased the overall amount of detectable TcdA present in mouse stool, but did not decrease the intestinal C. difficile bacterial burden. These data indicate that gut microbiota can protect against C. difficile colitis even without actually killing the pathogen. Our MET-1/TcdA co-incubation data further demonstrate the novel finding that the protective effects of the gut microbiota in C.
difficile infection may also be due to effects on the toxins themselves.
There is some precedent for this in the literature with S. boulardii, a yeast probiotic [53, 54] . S. boulardii produces a protease that cleaves TcdA and may also have an effect on the receptor of TcdA [53, 54] . However, although S. boulardii has been used successfully as an adjunct therapy with vancomycin to treat C. difficile [55] , particularly in the current clinical setting of more hypervirulent C. difficile strains, it has not shown the same dramatic effects as FMT in treating CDI. MET-1, a more complete ecosystem that more closely resembles the native intestinal gut microbiota, may have the advantage of contributing mechanisms of action that are more complex and likely multifactorial in nature.
To our knowledge, the current study is the first of its kind demonstrating that human-derived gut microbes degrade C. difficile toxins, which is likely a major contributor to their protective mechanism of action. A large multicenter study of CDI demonstrated that positive cytotoxin assays detecting free toxins in stool samples were a better predictor of clinical outcome compared to either stool culture for toxigenic C. difficile or DNA amplification detection methods [15] . These data suggest that the intestinal toxin load is likely the important clinical driver in this disease, and a more recent prospective observational cohort study of over a thousand hospitalized patients supported these findings [16] . Our study focused on the effects of TcdA, isolated from different C. difficile ribotype strains. We chose to study TcdA rather than TcdB, since the effects of TcdA had previously been well characterized by others with the ileal loop model that we used in the current study [24] [25] [26] 41] . In addition, TcdA has been identified as an important contributor to the pathogenesis of CDI in humans [56] , and its toxicity has been well described in a number of different animal models [49, 57] . However, TcdB is also of major clinical importance in this disease [14, 58] . Clinically relevant TcdA(-) strains of C. difficile exist (notably the 017 ribotype), particularly well described in Asian countries [59] [60] [61] , and evidence suggests they are becoming increasingly common [62] . It is possible that MET-1 may not protect against these TcdA(-) strains of C. difficile. However, given the similarities in toxin structure and mechanism of action, it is tempting to speculate that MET-1 may also display activity against TcdB and that a broader and more diverse consortium of microbiota, such as is found in FMT, may confer bioactivity against both TcdA and TcdB. The effects of MET-1 and other microbial communities on TcdB activity and on binary toxin (CDT) of C. difficile are currently under investigation.
Finally, our data point toward enhancement of host barrier function as another protective mechanism of MET-1. TcdA has long been known to disrupt the intestinal epithelial barrier [45] , and MET-1 prevented a drop in transepithelial electrical resistance (TER), a measure of barrier function integrity, in TcdA-exposed intestinal epithelial cells. MET-1 also attenuated TcdA-mediated apoptosis, another factor known to contribute to loss of gut barrier integrity [45] , and enhanced tight junction protein expression. MET-1 has been shown to protect the expression of tight junction proteins important in the maintenance of host barrier function in an antibiotic-associated colitis animal model using Salmonella typhimurium [23] , a pathogen that does not depend on toxin production for its pathogenicity. Of interest, MET-1 also preserves tight junction protein expression and attenuates systemic and local inflammation in a DSS mouse model of colitis [63] . Dextran sulfate sodium (DSS), a sulfated dextran molecule that is administered to mice in their water supply, is one of the most commonly used animal models of IBD [64] . DSS chemically compromises barrier function but does not rely on any specific pathogen to induce colitis, and MET-1-mediated enhancement of gut barrier function may be important irrespective of its ability to degrade TcdA. In conclusion, our data show for the first time that degradation of C. difficile toxins by intestinal bacteria and protection of the gut barrier integrity likely play a major role in their protective mechanism of action against C. difficile disease. In our pretreatment model the effect of MET-1 on C. difficile viability seems to offer little, if any, contribution to its protective effects on the host. Fig. 7 MET-1 inhibits C. difficile TcdA-mediated apoptosis and degrades TcdA. a Caco2 cells grown to confluence were pretreated with MET-1 overnight and then incubated with TcdA purified from C. difficile ribotype strain 027 for 6 h. Cells were harvested and apoptosis evaluated by histone deacetylase ELISA. The relative level of apoptosis was obtained by normalizing the absorbance at 405 nm to the untreated group. MET-1 inhibited apoptosis caused by TcdA (**p \ 0.01). In contrast, MET-1 did not protect against CAM [CAM = camptothecin (2 lg/ml), apoptosis-inducing positive control]. Data were analyzed using one-way ANOVA with Tukey correction (n = 3). b Representative blot of three independent experiments shown of purified TcdA (1 lg) co-incubated with MET-1 (25 ll), showing degradation of TcdA. c Representative 4-15 % SDS-PAGE silver staining of three independent experiments shown of purified TcdA (1 lg) co-incubated with MET-1 (25 ll) for 2 h at 37°C, showing a decrease in the large MW band corresponding to the same size as TcdA, in the MET-1 ? TcdA lane. Samples were pelleted to remove MET-1 bacteria
